Colloidal particles often display a surface topography that is smooth down to the nanometer scale. Introducing roughness at this length scale can drastically change the colloidal interactions, adsorption at interfaces and bulk flow behavior. We report on a novel, simple method to induce and control nano-scale roughness on (water based) polymer latex colloids. Reducing the amount of dissolved gases in the aqueous phase from the electrolyte solution surrounding the particles, generates self-structured surface asperities with an amplitude that can be tuned via temperature and repetition of the treatment. Due to the viscoelastic nature of the polymeric asperities, a mild thermal treatment below the glass transition temperature can be used for nanostructure relaxation, so that the particles can recover their original topography, making this method fully reversible. Roughness can thus be controlled without affecting the chemical composition of the colloidal surface. Experiments for varying particle size, polymer type and surface chemistry suggest a broad applicability of our method.
Introduction
Particles with controlled surface roughness are important for both fundamental science and industrial applications. Introducing (or enhancing) surface heterogeneity on colloids has major outcomes for such systems, especially for the interactions between the particles. When two colloids come close together the thermodynamic (e.g. electrostatic, van der Waals) forces will be strongly modified due to the presence of the asperities (or pits) [1] [2] [3] . In the presence of non-adsorbing polymers that fit in the nano-scale surface cavities of the rough particles, attractive depletion forces between the colloids will be strongly altered as well [4] . Particle interactions induced by (shear) flow can also be strongly modified by surface roughness. For example, short-ranged hydrodynamic forces will change because of alterations in the lubrication film thickness [5] . If the particles approach each other even closer to the point of direct contact, friction forces come into play. These forces generally depend strongly on surface topology, i.e., surface roughness. Even roughness with a relatively small amplitude can significantly change the diffusive and rheological behaviors, leading to strong suppression of rotational diffusion [6] and a (dramatic) shear thickening behavior [7] [8] [9] with increased particle concentration. Also, at interfaces the behavior of rough particles is very different from that of smooth ones; roughness can cause enhanced adsorption barriers atonce the particles have been adsorbed. These modified interactions at the particle level correspondingly have consequences at a more collective level, e.g. the stability of Pickering emulsions [13] .
Also granular systems can be strongly influenced by particle surface roughness. Examples are, avalanches or fluidized beds, where the constitutive particle dynamics is dependent on the surface topology [14] . In tribology, the contact mechanics of particle surfaces is highly reliant on the effective contact area, which depends on roughness and load force [15] . Consequently, the degree of roughness has implications for friction and wear [15] . Nano-scale surface roughness is also a key parameter for modifying the contact forces between particles [14, 16, 17] and likewise the roughness strongly affects the adhesion force between surfaces [17, 18] .
While solid particles with geometrical surface heterogeneity have captured the attention of scientists already for a long time, the past decade has seen a strongly revived interest in this topic, in conjunction with an increased availability of rough colloidal particles. Many new systems and corresponding preparation methods have seen the light. One group of methods involves modifying the synthesis of polymerbased colloids. Adjusting the dosage of cross linker in dispersion polymerizations was shown to be effective in controlling the surface roughness of obtained particles [19, 20] . Another polymer-based method is to swell particles with liquid and then partially deswell it, to create liquid protrusions [21] . A different group of methods introduces roughness on inorganic solid particles. One of them involves a partial removal of material from the outer regions of a solid particle via etching [9, 22] . Besides these approaches, there also exist other methods which are applicable to both polymer-based and solid-based colloids. One is hetero-aggregation of different sized colloids. This process is usually controlled via surface charge. Big core particles and small aggregating shell particles can be selected to tailor the desired roughness amplitude [23] [24] [25] [26] [27] . Another one is the single step sol-gel method employing functionalized polymer particles as a template to nucleate solid nanoparticles on their surface [28, 29] .
These methods, while being successful, also have their specific drawbacks. Hetero-aggregation methods require multiple steps and require a good control over aggregation and stabilization. The 'chemical contrast' (material, surface charge) between the core particle and the surface bumps may be significant, which can be a secondary drawback in cases where the roughness needs to be controlled without changing the surface chemistry. Methods that use leaching or crosslinking of the outer regions of the particle, offer more simplicity but also limited control over the type of roughness geometry. Along with that, they also pose constraints in preserving the initial sphericity of the particle. Finally, a limitation shared by all mentioned methods is that the process is irreversible. The ability to remove the surface roughness again, while preserving the material can be interesting for both fundamental studies (studying the same sample at different roughness amplitudes) and applications (e.g. in switching between solid and liquid like behavior of a colloidal suspension via the surface roughness).
In this paper we describe a novel and simple method to induce roughness on particles in a reversible way and without introducing chemical heterogeneity. Our method builds on a well-documented procedure to roughen macroscopic polymer surfaces (e.g. films of polystyrene (PS), poly methyl methacrylate (PMMA), poly tetra fluoro ethylene (PTFE)) [30] [31] [32] . Use is made of the viscoelastic nature of the polymers well below the glass transition temperature. Key roles in such nano-structuration have been attributed to local electric fields generated by the present ions and the enhanced mobility at the surface region of the (otherwise glassy) polymer [30] [31] [32] . It has been also pointed out that the electric field on the polymer surface depends critically on the density of charges and notably on the separation between the charges and the interface. Displacing the position of the ions by as little as a few Angstrom, can entail a dramatic change in the electric field on the polymer, and thereby enable or disable the nano-structuration. Also changes in the density of ions in a very thin layer adjacent to the polymer could contribute to changes in the local electric field. Degassing of the aqueous solution is supposed to achieve a more intimate contact between water and polymer surface, and thus facilitate the nano-structuration [31] [32] [33] [34] . This means that a simple degassing procedure can induce roughness in polymer films.
Transfer of this method to polymer based colloids like PS or PMMA, PTFE is not entirely trivial, since the colloidal particles must always contain an additional chemical functionality to stabilize them against coagulation; typically charged groups originating from the molecules used for initiating the polymerization. In this study we explore the induction of surface asperities on diverse types of polymer latex particles (mostly commercial ones) with varying particle sizes and surface groups. Systematic variation of the treatment conditions is applied to capture the tunable roughness amplitude. In addition, the possibility for reversing the nano-structuration via thermal treatment is explored.
Materials and methods

Materials
PolyStyrene (PS) and Poly Methyl Methacrylate (PMMA) colloids with different size and surface charge were used in our experiments; see Table 1 . All purchased colloids were used as received. Systems PS-500 and PS-1000 were cleaned by 3 cycles of centrifugation/redispersion in water. An atactic PS polymer sample of 250 kg/mol (T g = 103°C) was obtained from ACROS Organics and toluene was obtained from Sigma Aldrich. Oxidized Silicon (Si/SiO 2 ) wafers were obtained from Okmetic.
Aqueous solutions of the reactant HNO 3 were prepared from 0.1 N stock solution (Sigma Aldrich). Post reaction pH-neutralization of some suspensions was done with 0.1 N NaOH solution (Sigma Aldrich). MilliQ water (Millipore) with a conductivity of 18 MΩcm −1 was used for all the steps involving the preparation of solutions and the (re)dispersion of the particles.
Method of inducing asperities
Rough colloids were prepared by adapting a recent method [31] [32] [33] [34] for creating roughness on thin polymer films. In this method a film of polymer, spin coated on a silicon wafer or mica, is exposed to a degassed aqueous solution of a certain salt, acid or base at a selected temperature below T g . This exposure creates long-lasting nanostructuration that remains when the degassed aqueous solution is replaced by pure water or sample is removed from the solution. The characteristic size and density of the self-assembled nanostructure (roughness of polymer surface) can be tuned via the ion concentration and type [31] , concentration of dissolved gases [32] and the temperature during the exposure step [33] . In the case of colloids, additional aspects come into play: the polymer material is now dispersed, which requires colloidal stability to be maintained throughout the procedure. In the starting material this stability is provided by functional surface groups (not present on the films) but degassing and exposure to dissolved electrolyte can compromise it. The degassing of particle suspensions has been observed to produce foam bubbles that remain for a long time, while the exposure of colloids to high electrolyte concentrations is known for its potential to cause coagulation. To avoid these issues, we exposed a small volume of pristine colloids to a relatively large amount of freshly degassed aqueous solution at the selected acid concentration and temperature; the composition and temperature of the mixture are then largely set by the exposing solution. Additionally, the duration of the exposure to a concentrated electrolyte environment was kept low. Our procedure is illustrated in Fig. 1 and explained in more detail below. The first step comprises the preparation of a degassed electrolyte solution in MilliQ water. In the present study we show results for HNO 3 as the electrolyte. The concentration hereof was defined via the pH, which was adjusted to 1.25 ± .05 (corresponding to ∼55 mM) for all samples using the 0.1 N HNO 3 stock. 200 ml of reactant solution was prepared in a Büchner Erlenmeyer loaded with a magnetic stirring bar. The Erlenmeyer was sealed with a rubber stop cock and connected to a vacuum line via an adjustable 2-way valve. A dual stage rotary pump (Edwards RV5) was used to create the vacuum. The pressure inside the Erlenmeyer was monitored using an electronic vacuum gauge (BrandTech DCP3000) and regulated via the vacuum valve. Temperature was controlled by fully immersing the Erlenmeyer in a water bath placed on a hotplate. Degassing was carried out under vigorous magnetic stirring to promote the nucleation of air bubbles. Formation of vapor bubbles (i.e., boiling) was avoided by adjusting the pressure to stay above the boiling point at the given setpoint temperature. HNO 3 solutions were first degassed at room temperature (19-22°C) for 2 h at ∼12 mbar, where typically bubble formation was visible in the first 30 min. Subsequently the solutions were brought at setpoint condition (25°C/ 15 mbar or 45°C/55 mbar) and kept there for 30 min under continuous vacuum.
In parallel, the pristine colloids were prepared for the reaction by pipetting 200 μl of suspension at 5 wt % into a sealed 100 ml glass bottle. This bottle was placed inside the used water bath and kept there for 5 min for thermal equilibration. The small amount of suspension was observed to remain liquid like during this time. Then, 100 ml of the degassed solution were transferred to the bottle containing the colloids. This transfer was done quickly (≈5-10 s.) after removing the vacuum via the rubber stop cock, to minimize the re-dissolution of air. After sealing the bottle and hand-shaking the mixture, the polymer colloids were in contact with the degassed water solution of pH 1.25 for 10 min, during which the suspension was sonicated (at the same temperature) to ensure good dispersion. To preserve the colloidal stability of all the treated suspension, the duration of the exposure to high electrolyte concentration was minimized. For that reason directly after taking the sample from ultrasonic bath, 3 cycles of centrifugation in a Mistral 3000E at 3200 rpm (corresponding to ∼2400 g) and redispersion with MilliQ water were carried out. In the case of relatively smaller sized particles (< < 500 nm diameter) where the centrifugation times needed to be much longer, a loss of colloidal stability was observed after the first centrifugation at low pH. For that reason, in subsequent preparations this issue was resolved by neutralizing the low pH environment with 0.1 N NaOH directly after the nanostructuration step. For characterization, the last centrifuged sediment was redispersed in 100 ml water, giving a final concentration of the suspension as 0.01 wt %. Visual inspections for sedimentation and measurements of the hydrodynamic diameter with dynamic light scattering (Malvern Zetasizer Nano ZS) confirmed that stable suspensions were obtained under all reported conditions.
We also performed experiments with dry substrates. Two types were used: i) deposited colloidal particles and ii) spin-coated pure polymer films, both on oxidized Si/SiO 2 wafers. The use of deposited rather than suspended particles is a more practical way of exploring different preparation conditions. In further discussions, adsorbed and suspended particles will be distinguished via labels (-A and -S). We verified that both types of preparations produce similar roughness in terms of RMS amplitude: the example in Fig. S1 (in Supplementary information) illustrates this. The spin-coated pure polymer films were used as a reference sample; this was useful for diagnostic purposes and is recommended for future applications of our method. In successful preparations both the film and the particles showed a (roughly comparable) roughness. Cases in which neither the film nor the particles (treated in parallel) showed any roughness were taken as an indication for improper degassing. Cases where only the film had become roughened were not encountered but would be indicative of a specific matter with the colloid. For instance, functional surface charge groups on particles to stabilize them against coagulation can interfere with the process of nanostructuration by altering the adsorption of ions at the interface. Also any usage of cross-linking agent during synthesis of polymer colloids will affect the mobility of surface layer, which is detrimental for nanostructuration.
For these dry substrates, the preparation of the degassed electrolyte solution was the same. i) Deposition of particles was done by dispensing a ∼22 μl droplet of a 0.5 wt % suspension onto the Si/SiO 2 wafer, and letting it dry in air. ii) Polymer films were obtained by dissolving 250 kDa PS in toluene up to 8.75 wt % and spin-coating at 1000 rpm for 5 s and right after 5000 rpm for 1 min. This procedure was followed by annealing the coated wafers in an oven at 95°C for 12 h. For both samples i) and ii) the coated Si/SiO 2 wafers were thermally equilibrated by placing them in an oven at the reaction temperature (25°-45°C) for 30 min. Then after degassing the HNO 3 (pH = 1.25) solution, these wafers were carefully immersed in 100 ml of the degassed solution and kept inside for ≈10 min. After this, wafers were collected from the flask and gently dried with nitrogen flow.
In some experiments, the colloids were exposed to degassed solution more than once (to enhance the size of the asperities and their corresponding surface coverage). In these cases, a fresh amount of HNO 3 solution was degassed before re-exposing the (-A type) samples. In case the repeated reaction was carried out at elevated temperature, the colloids were not preheated to the setpoint temperature anymore, to avoid thermal relaxation of the already formed surface bumps. Otherwise, all procedural steps were the same as for the pristine colloids.
Characterization of surface topography
Quantitative characterization of both smooth and rough particle surfaces was conducted with tapping mode atomic force microscopy using either a Multimode AFM (Bruker) or a Dimension Icon AFM (Bruker). All samples were analyzed in air using cantilevers from MikroMasch, NSC36 with a spring constant of 0.6 N/m and a sharp Si tip (R tip < 10 nm). For the analysis of dispersed particles, 20 μl of the 0.01 wt% suspension was pipetted on top of a Si/SiO 2 wafer and left to dry under ambient conditions before AFM imaging.
Calculation of roughness parameters
Surface roughness was quantified in different ways. First one was the calculation of the root-mean-square (RMS) amplitude from the AFM (height) images. The RMS parameter represents the standard deviation of the height profile belonging to the surface asperities. z(x, y) profiles, exported from the AFM recordings, were analyzed using a custom-developed MATLAB program. The apical zones (subtending typically 10% of the total area) of individual particles were fitted with smooth spherical profiles, using least squares regression to obtain the average radius and center location for each particle. Subsequently, the radial component of the spherical fit was subtracted from the distance between the center of the smooth profile and each (x,y,z) surface location. The resulting roughness amplitudes (in the radial direction) Δr(x,y) were then used to calculate the rms per particle:
where N denotes the number of points; typically ranging between 6 × 10 4 and 2.6 × 10 5 per particle. This method is illustrated in Fig. 2(a) and (b) . Additionally, maximum peak-to-valley heights (R max ) were calculated from Δr(x) values. R max corresponds to the maximum height difference. Its definition is given by Eq. (2) where Δr peak and Δr valley denotes the maximum peak height and maximum valley depth accordingly. This parameter provides information that is complementary to the RMS value; e.g. in case of a low asperity density, the R max would be much larger than the RMS value.
Considering that the roughness landscape is 3 dimensional (see Fig. 2(c) and (d) ), there needs to be another quantification to characterize lateral roughness aspects (e.g. the width of the surface asperities or the density of the surface asperities on the particles). One general way to capture this aspect is to calculate the 'developed interfacial area ratio' denoted as S dr [36] . This parameter indicates the percentage of additional surface area contributed by the texture, as compared to an ideal smooth plane (covering the same (x,y) measurement region). Its definition is given in Eq. (3), where A rough corresponds to the area of the surface with asperities Δr(x,y) and A projected corresponds to the projected area of the same surface for the smooth case.
S dr is affected by the texture amplitude and by the width and spacing of the asperities. Considering that presented method results in selfinduced asperities exhibiting diversities in height profiles and lateral length scales and surface coverage density (Fig. 2) , this measure is complementary to the RMS and R max parameters, in that it is more sensitive to the lateral length scale of the asperities. S dr values were extracted from Nanoscope software. All samples were characterized at three different spots (i.e. particle apexes).
Results
The creation of surface asperities on polymer latex particles by exposure to degassed aqueous electrolyte solution turned out to work well for a variety of systems with good reproducibility. Fig. 3 shows a typical result for 500 nm size PS particles with and without exposure to degassed HNO 3 (pH = 1.25) solution. Both the SEM and the AFM images show particles that are smooth before and rough after the treatment. Moreover, the SEM images also demonstrate a good level of uniformity of the surface roughness within each particle set. However, SEM is not suitable for accurate quantification of the roughness due to a lack of 3D localization and the limited microscope resolution. AFM has superior capabilities in this respect and was therefore used as the standard for surface roughness characterizations.
In the current work, HNO 3 (at 55 mM, pH 1.25) was used as the electrolyte. Variables were the temperature of the reaction mixture and the number of repetitions of the treatment. A typical outcome is illustrated for the 227 nm sized PS particles in Fig. 4 . The formation of surface asperities is directly visible for colloids which are treated with degassed HNO 3 solution at 25°C (compare Fig. 4(a) and (b) ). If the reaction temperature is set higher at 45°C the roughness increases: the asperities becomes larger in height and diameter, leading to increase in their surface coverage (Fig. 4(c) ). The most dramatic surface topography change is obtained after giving the colloids two subsequent treatments. Here we demonstrate the effect of repetition at 45°C (Fig. 4(d) ). Both the surface coverage and the size of the individual asperities in terms of peak-to-valley distances are largest here. However, a third exposure to degassed solution did not result in any further increase in the roughness amplitude. This may be due to limited spatial extent over which a free surface polymer layer is more mobile than the bulk polymer. All the above mentioned trends are confirmed by the calculated roughness parameters in Table 2 . Each of these indicators increases on going from case Fig. 4(a) to case Fig. 4(d) . Similar trends for particle systems with different sizes can be seen in Fig. S2a-b  (Supplementary information) .
We also assess the reproducibility of our nanostructuration method. The data presented in Table 2 comprise averages over 3 apexes of the particles for the represented condition (standard deviation among the analyzed particles for each condition can be seen in Table S1 ). In addition, the experiments are repeated at the same conditions and the spread among 3 experiments turns out to be typically ∼10% (at most 13% for 227 nm) of the RMS parameter; this is much smaller than the differences between the treatment conditions. An overview of repeated experiments can be found in Table S2 .
In Fig. 5 we make a visual comparison between PS latex systems having different sizes and surface groups. The reaction conditions were the same: all 4 systems were twice exposed degassed HNO 3 (pH = 1.25) solution at 45°C (i.e. the procedure that gives the largest RMS values).
Clearly a significant surface roughness is obtained for each of the systems. A quantitative roughness analysis from AFM images of particles shown in Fig. 5 and other (not shown here) is presented in Table 3 .
From this Table, several trends can be observed. Looking at the effect of treatment conditions (as done before for PS-227) reveals that for all systems, RMS, R max and S dr increases changing from 25°C to 45°C and/to 45°C-(2x). The comparison between particles with different size and surface functional groups at the same treatment condition is slightly less clear. If we assume that the size is the most important difference between the particles, an increase in the obtained roughness with particle size could be identified in most cases (an exception being the PS-500 nm system). Generally, the trends with particle size are clearer for the RMS and R max values than for the S dr value. The roughness parameters for the PS film generally lie closest to those of the PS-1000 system.
Finally we explore the possible reversibility of the asperities formation. Given the polymeric nature of the particle surface, spontaneous reversal might be possible: polymer chains in the vicinity of a 'free surface' are known to have enhanced mobility [37] [38] [39] , possibly leading to relaxation at timescales that are relevant to the experimentalist. Two scenarios were considered: storage at low temperature (4°C), aimed at achieving a long shelf life, and annealing at a temperature that was elevated but still below the bulk glass temperature (75°C). No degassing was applied during these relaxation experiments. Fig. 2. (Color figure online) (a) AFM scan and corresponding Matlab surface of a roughened 500 nm PS particle and the fit that best captures the apex of the spherical profile, (b) residual height profile Δr(x,y) after spherical background subtraction. (c,d) contour plots (after background subtraction) for 227 nm particles roughened to different extents with different conditions: (c) at 25°C and (d) at 45°C after second treatment. 
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AFM analysis of PS-227-S stored in refrigerator at +4°C showed no significant change in surface topography for 11 weeks (see Fig. S3 ). The results of first roughening and next annealing the same colloidal system at 75°C can be found in Fig. 6a-c . After treating the particles with degassed HNO 3 solution at 45°C, they obtain a clearly visible surface roughness, as before (a,b). It should be emphasized here that in the absence of degassing, thermal treatment does not create surface roughness. Subsequently annealing the particles at 75°C for 12 h makes the roughness features disappear (see Fig. 6c ). Finally, as shown in Fig. 6d , the surface nanostructure reappears if the colloids are exposed again to degassed HNO 3 solutions at 45°C (For details, see Fig. S3 and Table S3 in Supporting information).
Discussion
Our results evidently show that the surface roughness of several (PS) colloids can be induced in a controlled way by exposing them to degassed (55 mM, pH = 1.25) HNO 3 solution, at a chosen temperature between 25°and 45°C and for a chosen number of times. The scope of the method appears to be much wider than the use of PS particles and HNO 3 electrolyte; although most experiments were done under this condition, also salts [30] [31] [32] [33] [34] and PMMA particles (see Fig. S4 in Supporting information) were observed to create surface roughness in comparable experiments. Considering the similarities with the roughening of polymer films, also other materials like PTFE colloids might be suitable substrates.
Additionally, we have demonstrated that nanostructuration is both suitable for colloidal particles and dry particles just as well (by performing the type -A experiments). In this respect, our method also proposes a simple methodology for altering the topography of the dry particulate media for any future applications.
It should not be disregarded that, although this method is successful for colloids as well as flat films, the mechanistic details about what happens on the colloidal surfaces still need further clarification. As suggested in recent literature related to flat polymer films [30] [31] [32] , nanostructuration involves 3 aspects; a mobile surface layer on the surface of the polymers, the presence (and concentration) of ions and the distance between the ions and this mobile surface. Once the amount of dissolved gas is reduced due to the vacuum exposure, the distance between ions and the colloid surface becomes smaller, generating a higher electric field near the surface of the polymer. Due to the existence of the mobile surface layer with properties deviating from their bulk (glassy) counterparts, the surface of the colloids can be restructured, even at temperatures well below T g , as shown by our results. The effect of increased treatment temperature, might be attributed to enhanced mobility as well as the enhanced thickness at the outer mobile region of the polymer surfaces, leading to stronger nanostructuration (roughness amplitude). Currently the existence of the mobile surface layer on polymer colloids is intensively studied, but a possible quantitative description is still a daunting challenge [37] [38] [39] . Considering the ease of our method, it could be possible to employ this method in further studies to confirm and measure such mobile layers on polymer colloidal surfaces by making use of the time scales of asperity relaxation. It should also be noted that, unlike polymer films, colloids contain functional surface groups, which might influence the nano-structuration process. The density and chemical environment of these surface groups was not among the controls in the present study. It can therefore not be excluded that PS particles with comparable size but prepared under different conditions, will show somewhat different roughness topologies. The 'deviating' data for the PS-500 system in Table 2 might be attributed to local differences in chemical architecture (e.g. chain density, crosslink density, functional groups) near the particle surface. Our most important finding is therefore that the trends with treatment conditions (temperature, repetition) are expected to remain the same also for other systems.
Compared to other existing methodologies our method is relatively simple. Another advantage of our method is the possibility to tailor the roughness characteristics of polymer latex particles for a wide range of sizes, covering a size range from 10 μm to (as small as) 100 nm. The relative (i.e normalized by particle radius) amplitude of the rms roughness lies in the range of 0.3-2.5%. This is comparable to other systems in which the particles are roughened without growing added material onto them. The maximum roughness amplitude obtained with HNO 3 as the agent, appears to be correlated with the particle size (see Table 3 ). This might indicate that the thickness of the mobile outer layer on particles increases with increasing particle size. It might still be possible to increase the roughness more via further optimization of the preparation conditions, such as treatment temperature, ion concentration and type, but we think that ultimately vertical amplitude of the roughness will be limited by the extent of the free surface polymer layer on the particles.
A distinctive advantage of our simple, water-based method is the possibility to reverse the creation of a rough surface topography. By making use of viscoelastic nature of the polymer colloids and treatments with temperatures below T g , surface roughness can be created or evened on demand (leaving the surface chemistry largely intact), by 
Table 3
Surface roughness characterization for various PolyStyrene systems exposed to different reaction conditions. -A and -S indicate whether particles were adsorbed or suspended. 'As is' refers to the orginal suspension, while PS-film refers to a spincoated film. RMS and R max data are given in nm, while S dr is given as a %. setting the right temperature (and air pressure). This possibility to change the surface topography in situ could make our method useful in studies where a comparison between smooth and rough particles is needed without changing the sample (concentration) (e.g. studies into shear thickening), and in applications where on-demand changes in surface topography are used to create functionality (e.g. systems that rely on particle jamming).
Comparison of the surface roughness was carried out using RMS amplitudes, R max and developed interfacial area ratio (S dr ). The thermodynamic and hydrodynamic interactions between rough colloids might depend on more than the height and surface density of the asperities. Our quantification of other surface structural parameters might be useful for future correlations with behaviors like e.g. diffusion, interfacial shear phenomena, contact area mechanics and flow behavior of colloidal systems [36] .
Conclusion
We presented a methodology for creating nano-sized, reversible surface roughness on aqueous polymer latex colloids. The approach was adapted from a similar methodology developed for flat polymer films. Implementation of this method on colloids was successful for a variety of particle sizes and surface groups. Variation of temperature and repetition of the treatment allowed (semi) quantitative control over roughness. Compared to other methods, our procedure offers a relatively simple way to obtain surface heterogeneity, without introducing chemical inhomogeneity. Moreover, with our method the surface roughness can be created and annihilated on demand, by making use of thermo-reversibility. 
